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INVESTIGATION OF 

BATTERY ACTIVE NICKEL OXIDES 

bY 

P. Ritterman and H .  N .  Seiger  

SUMMARY 

X-ray s t u d i e s  of s i n t e r e d  p l a t e  n i c k e l  oxide e l e c t r o d e s  
ind ica t ed  t h a t  no no t i ceab le  s t r u c t u r e  change occurs u n t i l  t he  
e l e c t r o d e  i s  a t  l e a s t  75% charged. This was t r u e  f o r  both the 
C/2 and C/10 r a t e .  

Electrodes impregnated with n i c k e l  n i t r a t e  containing 
20 metal atom percent  of cobal t  have been t e s t e d .  
have b e t t e r  charge r e t e n t i o n  c h a r a c t e r i s t i c s  a t  e l eva ted  tempera- 
t u r e s .  The u t i l i z a t i o n  of a c t i v e  mater ia l  (based on weight gain) 
i s  a l s o  q u i t e  high. 

These appear t o  

Three groups of p o s i t i v e  e l e c t r o d e s  have been iven t h r e e  
formation cyc le s ,  with t h e  following condi t ions:  (1) 10  C a t  C/30, 
(2) 80°C a t  C / 1 0 ,  and (3) 25OC a t  C/10, t h e  f i r s t  two groups having 
p rev ious ly  been shown supe r io r  on s t and ;  t h e  last  group se rv ing  as  
a con t ro l .  

8 
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INVESTIGATION OF 

BATTERY ACTIVE NICKEL OXIDES 

P. Ritterman and H. N. Seiger  

ABSTRACT 

X-ray d i f f r a c t i o n  p a t t e r n s  a r e  shown which i n d i c a t e  t h a t  
no s t r u c t u r a l  d i f f e r e n c e  e x i s t s  between a discharged and 0.75 charged 
s i n t e r e d  p o s i t i v e  e l ec t rode .  This i s  shown t o  be t r u e  a t  both t h e  
C / 2  and C/10 rates. 

Ten p l a t e s  impregnated wi th  n i c k e l  n i t r a t e  containing 
Superior  charge 

U t i l i z a t i o n  was in  
20 metal  atom percent  of cobal t  were prepared.  
r e t e n t i o n  a t  65OC was shown by these  p l a t e s .  
excess  of 100% of t h e o r e t i c a l  capaci ty .  

Fresh ly  impregnated s i n t e r e d  n i c k e l  oxide p l a t e s  were 
fonned i n  t h r e e  groups of t e n ,  a t  C/30 and 10°C, C/10 and 80°C, 
and C/10 and 25OC. 

-2- 



I. INTRODUCTION 

A. PURPOSE 

I n v e s t i g a t i o n s  performed under t h i s  c o n t r a c t  inc lude  the  
following: (1) i d e n t i f i c a t i o n  and c h a r a c t e r i z a t i o n  of m a t e r i a l s  
formed a t  t h e  p o s i t i v e  e l ec t rode  of a s i n t e r e d  Ni-Cd c e l l  a t  va r ious  
temperatures  and s t a t e s  of charge; (2) var ious  means of s t a b i l i z a -  
t i o n  of t h e  p o s i t i v e  e l ec t rode  m a t e r i a l  a t  e leva ted  temperatures;  
and (3) s t u d i e s  of t he  u t i l i z a t i o n ,  e f f i c i e n c y ,  v o l t a g e ,  and cyc l ing  
c h a r a c t e r i s t i c s  of t he  p o s i t i v e  e l e c t r o d e s  which have been improved 
by s t a b i l i z a t i o n .  

B. STATUS OF PROGRAM AT THE BEGINNING OF THE QUARTER 

During t h e  q u a r t e r  ending September 1 2 ,  1965, i nves t iga -  
t i o n s  concerning the  composition of t h e  p o s i t i v e  e l e c t r o d e  were 
done p r imar i ly  by X-ray technique. 
f u l  r e s u l t s  were obtained by X-raying a p l a t e  without  a polyethylene 
cover. Using these  da t a  a s  a means of determining s t r u c t u r e  and 
composition, as r e l a t e d  t o  s t a t e  of charge, w a s  theor ized .  Chemical 
a n a l y s i s  was developed t o  t he  p o i n t  where the  formula weight of 
a c t i v e  m a t e r i a l  i n  t he  s i n t e r e d  p o s i t i v e  e l ec t rode  could be d e t e r -  
mined a t  va r ious  states of charge. 

It was shown t h a t  more meaning- 

A study of t h e  e f f e c t s  of formation a t  va r ious  r a t e s  and 
temperatures  revealed t h a t  the l e a s t  capac i ty  l o s s  occurred on s tand  
i n  c e l l s  whose p o s i t i v e s  were formed a t  100 m a  and 8OoC and 35 ma 
and 10°C. 

C, MEETINGS 

On December 7 ,  1965, a meeting w a s  he ld  wi th  M r .  W. Nagle 
of NASA/Lewis. 
Gulton I n d u s t r i e s .  u r .  B. vaug'nanof Kucgers Universiiy, iuiisu:tZnt 
f o r  Gulton I p d u s t r i e s ,  was a l so  p re sen t .  The meeting took p l ace  a t  
Gulton I n d u s t r i e s ,  Metuchen, N. J. The d i scuss ion  centered  around 
t h e  F i r s t  Quar te r ly  Report ,  as w e l l  a s  a work p l a n  f o r  f u t u r e  expe r i  
mentat ion.  

D r .  H. N. Seiger and M r .  R. Michaels represented  

The d i scuss ion  of  fu tu re  work included t h e  dec i s ion  t o  
form and eva lua te  the  p l a t e s  impregnated wi th  a d d i t i v e s  a t  a 20% 
dopant l e v e l .  
ox ides  of  n i c k e l  whose valence was  i n  excess  of t h r e e  (3) ,  using 
techniques descr ibed  i n  a recent  pub l i ca t ion .  

It was f u r t h e r  decided t o  syn thes i ze  and analyze 

D r  .' Vaughn discussed h i s  theory of t h e  s t r u c t u r a l  changes 
which occur a t  t h e  p o s i t i v e  e l ec t rode  dur ing  charge and discharge.  

-3- 



on 

A. 

11, OUTLINE OF PROGRAM 

The program i s  divided i n t o  two p a r t s .  The f i r s t  involves  
a cont inuat ion of  t h e  inves t iga t ion  i n t o  t h e  q u a l i t a t i v e  and quan t i -  
t a t i ve  n a t u r e  of t h e  s i n t e r e d  n i cke l  oxide e l e c t r o d e ,  begun under 
Contract No. NAS 3-4178. 
by t h e  use  of chemical, electrochemical,  and X-ray d i f f r a c t i o n  tech-  
niques as methods of a n a l y s i s .  The second p a r t  w i l l  concern i tself  
with methods of s t a b i l i z i n g  the n i c k e l  compounds formed during charge 
of  t h e  p o s i t i v e  e l ec t rode .  The s t a b i l i z a t i o n  methods used include: 
(1) a d d i t i v e s  ( t h e  i n c l u s i o n  of fo re ign  mater ia ls  w i t h i n  t h e  s t r u c -  
t u r e  of n i c k e l  oxide c r y s t a l s ;  (2) formation a t  va r ious  cu r ren t s  and 
temperatures;  and (3) any other means of n i c k e l  oxide s t a b i l i z a t i o n  
deemed f e a s i b l e  w i l l  be presented f o r  approval t o  t h e  NASA P r o j e c t  
Manager. P l a t e s  made by these methods have been, and w i l l  be, 
evaluated with r e spec t  t o  r e t e n t i o n  of charge on scand, and performance 

This i n v e s t i g a t i o n  w i l l  be c a r r i e d  out 

charge and discharge ( 4  cycles).  

IDENTIFICATION AND CHARACTERIZATION OF BATTERY ACTIVE MATERIAL 
EXISTING I N  THE NICKEL OXIDE ELECTRODE, 

1. Construct ion of Test Cells 

a.  

a t  
t o  

b. 

P l a t e s  

P o s i t i v e  p l a t e s  were used, a l l  of  which were impregnated 
t h e  same t i m e  with N i ( N 0 3 ) 2  and then chemically converted 
Ni(OH)*. 

Stacks 

S ing le  p o s i t i v e  plates were surrounded by excess nega t ive  
capac i ty  i n  t h e  form o f  two s i n t e r e d  cadmium e lec t rodes  w i t h  
two l a y e r s  of non-woven nylon se rv ing  as sepa ra to r  and 34% 
KOH as e l e c t r o l y t e .  

2 ,  Formation Treatment 

T h i r t y  co res  were constructed and cycled using t h e  following 
regime: 

a. 
b. 
c. Short  f o r  2 hours. 

Charge a t  C / 1 0  for  16  hours.  
Discharge t o  0 vol ts  a t  C / 3 .  

I 

This  w a s  repeated 3 times. Twenty c e l l s  most a l i k e  i n  
capac i ty  were chosen f o r  f u r t h e r  t e s t i n g .  

-4- 



I .  

3 .  Effec t  of S t a t e  of Charge and Rate of Charge 

I 

a. Af t e r  t h e  t h i r d  formation cyc le  was completed, 10 c e l l s  
were charged a t  C / 2  for  4 hours.  

b. Two c e l l s  were discharged a t  C / 2  f o r  1 hour ,  

c.  Two c e l l s  were discharged a t  C / 2  t o  1.0 V. 

d. Two c e l l s  were discharged a t  C / 2  f o r  3 hour ,  

2. Two c e l l s  were allowed t o  r e t a i n  t h e i r  f u l l y  charged state. 

f. 
t i v e  p l a t e .  

Two c e l l s  were charged t o  t h e  gassing p o i n t  of :he pos i -  

Af t e r  a 24 hour s tand on open c i r c u i t ,  t h e  c e l l s  were taken 
a p a r t  and the  p o s i t i v e  p l a t e  analyzed by X-ray d i f f r a c t i o n  and 
e lec t rochemica l  means. 

Steps a .  t o  f .  were,  i n  p a r t ,  c a r r i e d  out  a t  t h e  12/10 rate. 

4 .  Stand Time a t  Various Temperatures 

Af t e r  prepar ing  24 c e l l s  chosen from 30 ( those  most a l i k e  i n  
capac i ty ) ,  they w i l l  be charged a t  C / 1 0  f o r  20 hours  a t  room 
temperature.  Twelve of the c e l l s  w i l l  then be disassembled 
immediately and the  p o s i t i v e s  p laced  i n  beakers of 34% potassium 
hydroxide. The remaining 12 c e l l s  w i l l  remain as they a re .  
Four disassembled c e l l s  and four  assembled c e l l s  w i l l  be placed 
i n  an oven a t  50 C .  A l i k e  number of c e l l s  w i l l  be placed i n  a 
cold box a t  10°C, and the  remaining c e l l s  w i l l  be kept  a t  2 5 O C .  
Afte r  24 hours ,  two disassembled p o s i t i v e s ,  a long wi th  two pos i -  
t i v e s  from t h e  assembled c e l l s ,  taken from each temperature  
s t and ,  w i l l  be analyzed. "he remaining p o s i t i v e s  and c e l l s  w i l l  
s tand  a t  t h e i r  r e s p e c t i v e  temperatures  fo r  t h r e e  months and then  
be analyzed. 

0 

5 .  Methods of Analysis  

The p l a t e s  w i l l  be analyzed by X-ray d i f f r a c t i o n  and chemical 
and d i f f e r e n t i a l  thermal  a n a l y t i c a l  means. 

a. Chemical Means 

Emphasis w i l l  be placed on chemical a n a l y s i s  f o r  quan- 
t i t a t i v e  determinat ion of  N i ,  H ,  and 0 i n  t h e  a c t i v e  p o r t i o n  

.of t h e  p l a t e .  

('1) Nickel 

I n  a s i n t e r e d  p l a t e ,  the i n t e r f e r e n c e  of pure  n i c k e l  
must be el iminated.  Total n i cke l  can be determined by 

-5 -  



e l e c t r o p l a t i n g  o r  p r e c i p i t a t i o n  i n  a l k a l i n e  s o l u t i o n  as 
n i c k e l  dimethylgloxime . 

0 Methods f o r  separa t ing  N i  from t h e  d i v a l e n t ,  tri- 
v a l e n t ,  o r  t e t r a v a l e n t  n i c k e l  oxides  w i l l  be explored. 
Determination of the amount of N i o  p re sen t  i n  an  impreg- 
nated s i n t e r e d  plaque w i l l  a l s o  be explored. 

(2) Hydrogen 

A washed and d r i e d  sample w i l l  be mixed wi th  K2CrO4 
and PbCr04 and heated t o  600°. 
produced w i l l  be captured i n  a weighed drying tube. 

The water vapor then 

+2 +3 
(3) N i  / N i  

Methods w i l l  be sought t o  determine t h e  amount of 
Ni+2 /Ni+3  p re sen t  i n  a p a r t i c u l a r  sample, 

( 4 )  Oxygen 

Oxygen can bes t  be determined by d i f f e r e n c e ,  wi th  
r e s p e c t  t o  t h e  t o t a l  n i c k e l  and hydrogen determined. 

b. X-ray D i f f r a c t i o n  

(1) 
A s  was s t a t e d  i n  the F i n a l  Report,- t h e  p o s s i b i l i t y  of 

X-raying a w e t  p o s i t i v e  without  polyethylene covering has  
been f u r t h e r  examined. The p l a t e  was kept  i n  polyethylene 
u n t i l  j u s t  before  mounting it i n t o  t h e  goniometer. The p l a t e  
was wet wi th  KOH and, i n  essence,  was i d e n t i c a l  wi th  t h e  p l a t e  
w i t h i n  t h e  c e l l .  The dura t ion  of one X-ray sweep is  l e s s  than 
40 minutes and dur ing  t h a t  time i n t e r v a l  t h e  v iscous  KOH d id  
no t  dry ou t .  

A l l  X-ray d i f f r a c t i o n  a f t e r  t he  f i r s t  q u a r t e r  w a s  done 
wi th  uncovered samples, and we s h a l l  cont inue t o  do SO. 

c .  D i f f e r e n t i a l  Thermal Analysis  

The p l a t e  sample w i l l  be ground i n t o  a powder and p laced  
i n  a s t a i n l e s s s t e e l  block conta in ing  3 thermocouples. An- 
o t h e r  h o l e  i n  t h e  block conta ins  powdered alumina. The 
thermocouples a r e  s o  arranged t h a t  t h e r e  i s  a response t o  any 
r e a c t i o n  o r  t r a n s i t i o n a l  change of t h e  sample. The ques t ion  
of  ob ta in ing  s tandards bes ides  Ni(OH)* remains t h e  d i f f i c u l t y .  

(1) See References,  Page 
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B. STABILIZATION OF N I C K E L I C  OXIDES AND HYDROXIDES 

1. Formation a t  Various Temperatures and Rates 

Cells w i l l  be constructed using one unformed s i n t e r e d  p o s i t i v e  
surrounded by two nega t ive  p l a t e s .  
s e c t i o n s ,  formation w i l l  be performe$ a t  t h e  g / 2 ,  C / l O ,  and C/30 
ra tes  and a t  temperatures o f  loo ,  25 , and 80 
Three c e l l s  w i l l  be formed a t  each r a t e  and each temperature f o r  
3 cycles .  

A s  descr ibed i n  previous 

f o r  each rate.  

2. Addi t ives  

Impregnating n i c k e l  so lu t ions  w i l l  be prepared containing 5%, 
lo%, and 20% metal atoms of Co, Ba ,  and Mn. These elements are 
near  n i c k e l  i n  t h e  p e r i o d i c  t a b l e .  A l k a l i  and a l k a l i n e  e a r t h s  
w i l l  include L i ,  Mg, N a ,  Be, and Ca. 
by use a s  t h e  s a l t  of  t h e  n i t r a t e  ion. A c o n t r o l  s o l u t i o n  of 
pure n i c k e l  n i t r a t e  w i l l  a l s o  be used. 

These w i l l  be incorporated 

For each q u a n t i t y  and a d d i t i v e  type,  10 p l a t e s  w i l l  be impreg- 
nated.  
cedure found t o  y i e l d  optimum r e s u l t s .  

These w i l l  be formed by s tandard methods o r  by t h e  pro-  

3 .  Other Techniques of  S t a b i l i z a t i o n  

Other means besides  the vacuum impregnation used by Gulton 
I n d u s t r i e s  w i l l  be explored. These w i l l  include molten s a l t  
impregnation and anodic a s  w e l l  as cathodic  impregnation of 
s i n t e r e d  plaques from d i l u t e  s o l u t i o n s  of n i c k e l  s a l t s .  

The impregnation method with which w e  a re  f a m i l i a r ,  by previous 
experience,  involves  the impregnation of a s i n t e r e d  n i c k e l  plaque 
made cathodic  i n  a so lu t ion  of d i l u t e  n i c k e l  n i t r a t e .  It has  been 
found t h a t  nickel-cadmium c e l l s  made from p l a t e s  of t h i s  type have 
performed very w e l l  a t  elevated temperatures.  

C, PRELIMINARY EVALUATION 

Electrodes s t a b i l i z e d  by the  above descr ibed methods w i l l  and have 
been evaluated i n  t h e  following manner. 

1. Storage and Evaluation 

At least  t h r e e  c e l l s  of each group w i l l  be  constructed.  The 
capac i ty  w i l l  be determined as follows: 

-a. C r a t e  charge f o r  2 hours.  

b. Immediate discharge a t  C / 5  t o  0.0 V. 
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The charge w i l l  be repeated and a f t e r  va r ious  s tand t i m e s  a t  
several temperatures,  t h e  c e l l  discharged a t  C/5 t o  ze ro  v o l t s .  

A check of capac i ty  This w a s  done a t  5OoC, 4OoC, and 65OC. 
on immediate discharge a t  room temperature w i l l  be made be fo re  
each s tand tes t  e 

2.  Electrochemical S t a b i l i z a t i o n  Tests 

Samples of each group s h a l l  be cycled f o r  4 cyc le s  a t  C / 1 0  
charge--C/5 discharge a t  room temperature. 
include capac i ty ,  r e p r o d u c i b i l i t y  of r e s u l t s  with r e s p e c t  t o  
capac i ty ,  e f f i c i e n c y  and vol tage level. 

Methods of  eva lua t ion  

D. EVALUATION OF lMPROVED MATERIAL 

After e s t a b l i s h i n g  a superior  material  o r  a group of supe r io r  
materials with r e spec t  t o  s t a b i l i z a t i o n ,  t h e  following tests w i l l  be made. 

1. Decomposition of Charged P o s i t i v e  

Using 15 c e l l s  cons i s t ing  of t h e  supe r io r  m a t e r i a l  w i th  r e s p e c t  
t o  s t a b i l i z a t i o n ,  t h e  following tes ts  w i l l  be performed. 

0 
Cells w i l l  be allowed t o  s tand a t  temperatures of 20°, 40 , 60°, 

8OC, and 95OC, and a f t e r  a passage of 1 day, removed, discharged 
a t  t h e  C / 5  r a t e  t o  a 1.0 V end p o i n t  a t  room temperature. 
capac i ty  of a l l  c e l l s  w i l l  be determined immediately a f t e r  charge 
a t  t h e  C rate.  This w i l l  be repeated by charging t h e  same c e l l s  
a t  t h e  C ra te  and extending t h e  s t and  time t o  3 days. The tes t  
w i l l  be repeated allowing j u s t  t h e  charged p o s i t i v e  p l a t e s  t o  be 
immersed i n  e l e c t r o l y t e  a t  t h e  va r ious  temperatures,  t h e  capaci ty  
of  which, aga in ,  w i l l  have been previously determined. These p l a t e s  
w i l l  then be surrounded by nega t ives  and discharged t o  1.0 V a t  tne 
C/5 ra te .  
time i f  s i g n i f i c a n t  d i f f e r e n c e s  a re  noted between t h e  1 and 3 day 
s t and  . 

The 

This ,  t oo ,  w i l l  be repeated extending t h e  charged s t and  

A f t e r  e s t a b l i s h i n g  a loading f a c t o r  which meets t h e  approval 
of t h e  NASA p r o j e c t  manager, t h e  following i n v e s t i g a t i o n  w i l l  be 
made. 

a. Establishment of Optimum Formation Technique 

The optimum formation s h a l l  be considered t o  be t h e  one 
which produces a p l a t e  which , when incorporated i n t o  c e l l s  , 
y i e l d s  t h e  h i g h e s t  vo l t age  level on d i scha rge ,  t h e  g r e a t e s t  
'capacity pe r  u n i t  weight and volume, optimum charge e f f i c i e n c y ,  
and most c o n s i s t e n t  r e p r o d u c i b i l i t y  of t h e  aforementioned 
r e s u l t s .  

A s t a t i s t i c a l  experiment involving ra te ,  amount .of over- 
charge,  and number o f  cyc le s  w i l l  be used t o  e s t a b l i s h  optimum 

-8- 



condi t ions.  Before such an experiment i s  begun, p a s t  exper- 
ience t e l l s  us  t h a t  an i n i t i a l  low ra te  charge and d i scha rge  
cyc le  a t  t h e  C/10 r a t e  or less  should be used. 

b. Establishment of Charge acceptance as  a Function of 
Charge R a t e ,  and Determination of Po in t  of Oxygen Evolu- 
t i o n  a t  Various Rates. 

The c h a r a c t e r i s t i c s  of p o s i t i v e  p l a t e s  can be e s t a b l i s h e d  
with one experiment. A p o s i t i v e  p l a t e  i s  contained i n  a 
sea l ed  chamber of known volume toge the r  with an oxygen con- 
suming e l ec t rode .  
p l a t e  have e x t e r n a l  connections allowing f o r  charge. The 
s e a l e d  chamber i s  f i l l e d  wi th  pure oxygen and a p -  r e s s u r e  
gauge r eco rds  oxygen p res su re .  A s  c u r r e n t  i s  passed t o  charge 
t h e  p o s i t i v e  p l a t e  and cause oxygen reduct ion a t  t h e  a p p r o p r i a t e  
e l e c t r o d e ,  t h e  r a t e  of oxygen p res su re  decay should be i n  d i r e c t  
p ropor t ion  t o  t h e  charging c u r r e n t  provided t h a t  no oxygen is  
produced a t  t h e  p o s i t i v e .  The dev ia t ion  from t h e  t h e o r e t i c a l  
s lope  w i l l  no t  only e s t a b l i s h  t h e  charge acceptance,  but  w i l l  
a l s o  i n d i c a t e  t h e  p o i n t  a t  which oxygen evo lu t ion  begins.  Th i s  
can be e s t a b l i s h e d  f o r  t h e  one, two, f ive,  and t e n  hour rates. 

Both t h e  oxygen e l e c t r o d e  and t h e  p o s i t i v e  

c. Determination of  U t i l i z a t i o n  Fac to r s  a t  Various Rates 
of Discharge . 
The t h r e e  p l a t e  c e l l s ,  c o n s i s t i n g  of 1 p o s i t i v e  and 2 

nega t ive  e l e c t r o d e s ,  w i l l  a g a i n  beanployed he re .  
w i l l  be done a t  t h e  1 hour rate. Discharges w i l l  be performed 
a t  t h e  10 minute,  1 hour,  two hour ,  5 hour ,  and t h e  10 hour 
rates.  Capaci t ies  w i l l  be determined t o  1.0 V and a l s o  t h e  
p o i n t  j u s t  before  t h e  g r a p h i t i c  level. 

All charges 

d. Determination of U t i l i z a t i o n  F a c t o r s  f o r  Dppth of 
Discharge a t  25%, 35%, 50%, 75%, and 100% 

A group of t h r e e  p l a t e  c e i i a  *ill b,e c h ~ r g e d  at t h e  C rate. 
A f t e r  t h e  i n i t i a l  charge, t h e  c e l l  w i l l  be discharged f o r  
15 minutes a t  t h e  C rate. It w i l l  then be charged f o r  15 
minutes a t  t h e  C r a t e  and f i n a l l y  discharged t o  1.0 V a t  t h e  
C rate. 
30 minute d i scha rge ,  and s i m i l a r l y  t o  o b t a i n  t h e  o t h e r  
s t a t e d  depths of discharge.  
t h e  c a p a c i t i e s  obtained when discharging t o  1.0 V versus 
t h e  v a r i o u s  depths  of discharge.  
charge rates a s  w e l l .  

This w i l l  be r epea ted  f o r  a 21 minute d i scha rge ,  a 

A comparison w i l l  be made of 

This w i l l  be done f o r  o t h e r  
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111. EXPERDENTAL PROCEDURES AND RESULTS 

A. EXPERIMENTAL PROCEDURES 

1. Determination of Bat tery Act ive Materials Ex i s t ing  i n  t h e  
S in t e red  P l a t e  Nickel Oxide E lec t rodes  

a. E f f e c t  of S t a t e  of  Charge and Rate of Charge 

(1) Construction of c e l l s  

T h i r t y  c e l l s  cons i s t ing  of 1 p o s i t i v e  and 2 nega t ives  
were assembled as described i n  Sect ion 11. 
p l a t e  had the  dimensions of 1-7 /8  x 2-1/8 x .035” and 
contained 3.4 grams of  N i ( 0 H )  

Each p o s i t i v e  

2 ’  

(2) Formation Procedure 

A l l  c e l l s  were charged a t  100 ma f o r  16 hours and 
discharged immediately a t  400 ma t o  0.0 V. 
of  discharge,  c e l l s  were shor t ed  f o r  2 hours. This pro-  
cedure w a s  repeated tw ice  more. 

Upon completion 

(3) Se lec t ion  of  Cells and Tes t  Procedures 

Based on t h e  capac i ty  of  t h e  t h i r d  formation cyc le ,  
2 0  c e l l s  were chosen f o r  f u r t h e r  t e s t i n g .  Six of  t h e  
20 c e l l s  were charged a t  500 m a  f o r  4 hours.  Two of t h e s e  
were discharged a t  t h e  same r a t e  f o r  2 hour. Two o t h e r s  
were discharged a t  500 ma t o  1.0 V. 
c e l l s  were kept  a t  t h e i r  f u l l y  charged s ta te .  

The remaining two 

A l l  s ix  c e l l s  s tood on open c i r c u i t  f o r  a pe r iod  of 
24 hours  a f t e r  which t i m e  they were disassembled and t h e i r  
p o s i t i v e s  placed i n  s e p a r a t e  polyethylene bags. 
f o r e  being Flnced i n  t h e  goniometer of t h e  X-ray d i f f r a c t i o n  
apparatus ,  each p o s i t i v e  w a s  removed from i t s  puiyethylenC 
container .  Thus, X-ray d i f f r a c t i o n  p a t t e r n s  were obtained 
from p l a t e s  w e t  with KOH and uncovered. 

J u s t  be- 

Six o t h e r  p l a t e s  were charged a t  100 ma f o r  pe r iod  of  
20 hours.  Two were discharged a t  100 ma f o r  2% hours;  
two were discharged a t  t h e  same rate  t o  1.0 V; and two 
r e t a i n e d  t h e i r  f u l l y  charged s ta te .  Upon completion o f  
t h e i r  e lectrochemical  t reatment ,  a l l  s i x  c e l l s  were d i s -  
assembled, t h e i r  p o s i t i v e s  placed i n  polyethylene bags 
which were removed be fo re  X-ray d i f f r a c t i o n  p a t t e r n s  were 
taken. 

. 
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The goniometer w a s  se t  a t  2' pe r  minute c h a r t  speed a t  
30"/hr. f o r  a l l  X-ray determinat ions.  

The remaining e i g h t  c e l l s  were set a s i d e  f o r  f u t u r e  
t e s t i n g  e 

b. Chemical Determination of  Active Nickel i n  S in t e red  P l a t e s  

Unimpregnated s i n t e r e d  p l a t e s  were allowed t o  s t and  i n  
heated s o l u t i o n s  of NH40H-(NH4)2S208, NH40H-(NH$2S04: and 
NH OH-NH4AC f o r  a per iod o f  1 hour i n  t h e  f i r s t  two mixtures  
an8 4 hours  i n  t h e  t h i r d .  The weight of t h e  s i n t e r e d  p l a t e s  
before  and a f t e r  treatment was determined. 

2. S t a b i l i z a t i o n  Studies  

a. Formation 

(1) Construction of T e s t  Cells 

30 c e l l s  were constructed a- descr ibed i n  Sec-ion 
A . l . a . ( l ) .  

(2 )  Formation PrGcedure 

Cells were formed i n  groups of 10 a t  100 ma a t  25OC, 
35 ma a t  10°C, and 100 m a  a t  8OoC. 
r a t e  was of such du ra t ion  as  t o  equal  150% of  t h e  t h e o r e t i c a l  
capac i ty  of t h e  c e l l ,  which amounted t o  15 hours  f o r  t h e  
100 m a  charges and 45 hours  f o r  t h e  35 ma charges.  ?%e 
discharge w a s  t o  zero v o l t s ,  followed by a minimum of a 
2 hour s h o r t .  

The charge a t  each 

Cells received 3 formation cycles .  

b. Addit ives  

b p r e g n a t i o u  af  S i n t z r e d  P l a t e s  

10 s i n t e r e d  p l a t e s ,  1-7/8 x 2-1/8 x .035" were 
vacuume impre nated with n i c k e l  n i t r a t e  s o l u t i o n  contain-  
i ng  20% of Co". Conversion t o  hydroxide w a s  done i n  
25% KOH a t  7OoC. 
had gained approximately 3 grams. 

Impregnation w a s  repeated u n t i l  p l a t e s  

(2) Construction o f  Test Cells 

Th i r t een  t e s t  c e l l s  were prepared us ing  t h e  s tandard 
t h r e e  p l a t e  ce l l  technique. 

Ten of  t h e  c e l l s  were prepared us ing  c o b a l t  contain-  
The ing  p o s i t i v e s  and t h r e e  using t h e  s tandard p o s i t i v e .  

p o s i t i v e s  were wrapped i n  a s i n g l e  l a y e r  of s e p a r a t o r  t o  
prevent  sho r t ing  wi th  t h e  nega t ive  on disassembly. 
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I (3) Formation 

The c e l l s  were given t h r e e  formation cyc le s  a t  
100 m a  a t  room temperature. 

( 4 )  Tests and Evaluation 

(a) Capacity r e t e n t i o n  on s tand 

Six of the c e l l s  containing coba l t  doped p o s i t i v e  
p l a t e s  and t h r e e  c o n t r o l  c e l l s  containing Gulton pos i -  
t ive  p l a t e s  were charged a t  100 m a  f o r  16 hours  and 
then discharged a t  500 m a  t o  0.0 V. A f t e r  discharge 
c e l l s  were shorted f o r  2 hours and then a g a i n  charged 
a t  ,100 m a  f o r  16 hours.  

Af t e r  charge, t h e  p o s i t i v e s  were removed from 
t h e  c e l l s .  One c o n t r o l  and two coba l t  po ' s i t i ves  
were s to red  a t  25OC, 4OoC, and 65OC. 
w a s  s to red  i n  a s e p a r a t e  beaker of potassium hydrox- 
ide.  A f t e r  a two day s tand a t  temperature,  one 
coba l t  p l a t e  from each temperature w a s  r e tu rned  tc 
i t s  p a r t i c u l a r  an t ipode  c e l l  case,  thus remaking t h e  
o r i g i n a l  c e l l .  The t h r e e  c e l l s  were discharged t o  
ze ro  v o l t  a t  500 ma.  A f t e r  7 days i n  t h e i r  ambient 
t h e  remaining 3 c o b a l t  doped p l a t e s  and t h e  3 c o n t r o l s  
were r e tu rned  t o  t h e i r  nega t ives  and c e l l  cases  and 
then discharged a t  500 ma  t o  ze ro  v o l t .  

Each p o s i t i v e  

(b) Cycling P r o p e r t i e s  

Four c e l l s  with coba l t  containing p o s i t i v e s  were 
charged a t  100 ma  f o r  16 hours  and then discharged 
a t  200 m a  t o  0.0 v o l t .  The c e l l s  were then shor t ed  
f o r  two hours. This  w a s  repeated twice more. 

1. Determination of Ba t t e ry  Act ive Materials E x i s t i n g  i n  t h e  
S in t e red  P l a t e  Nickel Oxide Electrode 

a. E f f e c t  of S t a t e  and Rate of Charge 

(1) Formation 

The discharge c a p a c i t i e s  obtained during formation 

. marks i n d i c a t e  the 20 c e l l s  chosen f o r  f u r t h e r  t e s t i n g .  
of  t h e  30 s i n t e r e d  p l a t e s  are shown i n  Table I. The check 
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MIXTURE 

(2) Prepa ra t ion  For and X-ray Analys is  of P o s i t i v e  P l a t e s  
a t  Various S t a t e s  of Charge 

(a) 
numbers 7 ,  8 ,  9 ,  10, 11, and 12.  C e l l s  7 and 8 were 
l e f t  f u l l y  charged and t h e  X-ray d i f f r a c t i o n  p a t t e r n  
obta ined  from t h e i r  p o s i t i v e s  i s  shown i n  F igures  1 
and 2 r e spec t ive ly .  Ce l l s  9 and 10 were discharged 
f o r  % hour (C /2  r a t e )  and t h e  X-ray p a t t e r n s  from 
t h e i r  3/4 charged p o s i t i v e s  are shown i n  F igures  3 
and 4. The remaining two c e l l s  were discharged t o  
1.0 V (C/2  r a t e ) ,  c e l l  number 11 r e q u i r i n g  123 minutes 
and c e l l  number 1 2  r equ i r ing  125 minutes t o  reach 
t h a t  vo l t age .  F igure  5 and 6 a r e  the  r e s p e c t i v e  
X-ray d i f f r a c t i o n  p a t t e r n s  obta ined  f o r  t hese  p o s i t i v e  
e l ec t rodes .  

C / 2  Rate - The s i x  c e l l s  used f o r  t h i s  t e s t  were 

(a) C/10 Rate - Cel l  numbers 2 2 ,  23,  24, 25 ,  26 ,  and 
2 7  were used for  t h i s  t e s t .  The p a t t e r n s  obtained 
from t h e  p o s i t i v e s  of t hese  c e l l s  appear i n  Figures  7 
through 1 2  r e spec t ive ly .  C e l l s  24 and 25, which were 
discharged t o  1.0 V ,  requi red  10 hours  and 28 minutes 
and 9 hours  22 minutes ,  r e s p e c t i v e l y ,  t o  reach t h e i r  
r equ i r ed  vol tage.  
2% hours  and the  remaining two c e l l s  r e t a i n e d  i n  t h e  
f u l l y  charged state. 

Cells 22 and 23 were discharged 

The major peaks and t h e i r  i n t e n s i t i e s  are shown i n  
Table I1 f o r  both r a t e s .  

b. Chemical Determination of Act ive Nickel i n  S in t e red  P l a t e s  

Unimpregnated s i n t e r e d  p l a t e s  w e r e  allowed t o  soak i n  m i x -  
t u r e s  of ammonium hydroxide and ammonium p e r s u l f a t e  
ammonium s u l f a t e  (M14)2S04 , and ammonium a c e t a t e  (NH4OAc). 
The r e s u l t s  are as follows. 

(NJ+,)2S208 , 

SOAKING TIME (Hrs . )  WT. LOSS OF NICKEL SINTER (gms) 

8,0252 

0.0048 

0.0027 

A s  can be seen ,;om t h e  aYove d a t a ,  t h e  las t  mixture  should 
be used t o  remove t h e  a c t i v e  n i c k e l  from an  impregnated p l a t e  
s'ince it i n t e r a c t s  l e a s t  w i t h  t he  n i c k e l  s i n t e r .  
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2.  S t a b i l i z a t i o n  

a. Formation 

t 

I 

The discharge c a p a c i t i e s  obtained from t h e  c e l l s  used 
i n  t h i s  experiment during formation a t  25OC-100 m a ,  70°C-35 m a ,  
and 8O0C-1O0 m a  are shown i n  Table 111 f o r  a l l  t h r e e  d i scha rge  
cyc le s .  

b. Addit ives  

(1) Impregnation and Formation 

The weight gains of  t h e  10 p l a t e s  impregnated with 
n i c k e l  n i t r a t e  containing 20 metal atom pe rcen t  c o b a l t  
are  shown i n  Table IV. The capac i ty  obtained t o  1.0 V 
and 0.0 V on t h e  t h i r d  formation cyc le  i s  a l s o  shown. 

(2) Stand and Cycling Test 

The c a p a c i t i e s  of s i x  c o b a l t  p l a t e s  along with t h r e e  
c o n t r o l  p l a t e s  appear i n  Table V. The c o n t r o l  p l a t e s  made 
wi th  pure N i ( N 0  )*  s o l u t i o n  had t h e  same formation h i s t o r y  
as  t h e  c o b a l t  p 4 ates. 

The t a b l e  a l s o  shows t h e  c a p a c i t i e s  obtained from 
t h e  t h r e e  coba l t  p l a t e s  a f t e r  charged s tand f o r  2 days 
a t  room, 40° and 65OC; Cb-5, Cb-2, Cb-4 r e s p e c t i v e l y .  
The loss of capacity t o  1.0 V on t h e  two day s t and ,  as 
compared t o  immediate d i scha rge  w a s  5% a t  room temperature,  
10% a t  4OoC, and 7% a t  65OC. 
and Cb-3 stood charged on open c i r c u i t  f o r  7 days a t  room, 
40' and 65OC r e s p e c t i v e l y .  
on open c i r c u i t  a t  t h e s e  temperatures i n  t h e  same respec-  
t ive o rde r .  A t  room temperature,  both c o n t r o l  and c o b a l t  
doped p l a t e s  l o s t  9% of capac i ty  on s tand.  
of ca a c i t y  w a s  l o s t  by both c o n t r o l  and coba l t  p l a t e s .  
A t  65 C y  however, t h e  c o b a l t  p l a t e  l o s t  15% whi l e  t h e  
c o n t r o l  p l a t e  l o s t  i n  excess  of 50% of capaci ty .  The 
percentage l o s s  to ze ro  v o l t s  d i d  no t  vary s ignif icanr- iy  from 
t h e  loss t o  1.0 V,  except i n  t h e  case of t h e  c o n t r o l  p l a t e  
a t  65OC where capacity l o s s  t o  ze ro  v o l t s  w a s  35%. 

Cobalt p l a t e s  Cb-10, Cb-1 

C - 1 ,  C - 2 ,  and C-3  a l s o  s tood 

A t  4OoC, 15% 

g 

The c a p a c i t i e s  t o  1.0 V and 0.0 V obtained on d i s -  
charge of the 4 c e l l s  containing coba l t  doped p o s i t i v e s  
Cb-9, Cb-7, Cb-6, and Cb-8, f o r  t h e  4 formation c y c l e s ,  
are  shown i n  Table V I .  
from cycle  t o  cycle and averaged s l i g h t l y  above t h e i r  
t h e o r e t i c a l  c a p a c i t i e s  (based on weight gain) .  

The c a p a c i t i e s  were r ep roduc ib le  

A t y p i c a l  discharge curve i s  shown i n  Figure 13.  

- 14- 



C. DISCUSSION 

1. Determination of Bat tery Act ive Mate r i a l  E x i s t i n g  i n  t h e  
S in t e red  P l a t e  Nickel  Oxide Electrode 

a .  E f f e c t  of  S t a t e  and Rate of Charge 

The "d" s pac ings ,  a s  shown i n  Table 11, aga in  i n d i c a t e  t h e ,  
a t  least  p a r t i a l l y ,  disordered arrangement of t h e  charged 
s t a t e  of t h e  n i c k e l  oxide e l ec t rode .  
which i s  r e t a i n e d  i s  the charged s t a t e  occur r ing  a t  
lldll = 4.60-4.70 8. 
of oxygen l a y e r s  caused by t h e  weakening, of  t h e  i n t e r l a y e r  
bonds due t o  t h e  l o s s  of hydrogen on charge. The stand of 
24 hours ,  given t o  t h e  c e l l s  which received high r a t e  (C/2) 
charge, accounts f o r  the absence of any peaks due t o  uns t ab le  
compounds. A t  both the high and low ra te  of charge,  t h e r e  
were no s i g n i f i c a n t  d i f f e rences  i n  t h e  peak i n t e n s i t i e s  and, 
f u r t h e r ,  t h e  areas under t h e  peaks,  f o r  t h e  two p l a t e s  t h a t  
were one-quarter discharged, were not  s i g n i f i c a n t l y  d i f f e r e n t  
from t h e  areas under the peaks of t h e  p l a t e s  t h a t  were f u l l y  
discharged t o  1.0 V. 

The only d e f i n i t e  peak 

This can be explained as a l a t e ra l  s h i f t  

The X-ray p a t t e r n s  found corresponded t o  t h e  hexagonally 
c l o s e  packed s t r u c t u r e  of N i ( O H ) 2 .  
assume t h a t  even i n  the one-quarter discharged s ta te ,  a su f -  
f i c i e n t  number of  protons had returned t o  t h e  l a t t i c e  t o  cause 
t h e  i n t e r l a y e r  bonding and r e e s t a b l i s h  t h e  N i ( O H ) *  s t r u c t u r e .  

Another explanat ion o f  t h e  s i m i l a r i t y  of s t r u c t u r e  and 
i n t e n s i t y  a t  va r ious  s ta tes  of charge,  i s  t h e  e x t e n t  of 
s u r f a c e  p e n e t r a t i o n  of X-rays i n t o  t h e  c r y s t a l s  of  t h e  n i c k e l  
oxide which e x i s t  i n  the pores  of t h e  s i n t e r e d  n i c k e l  e l e c -  
t rode.  

From t h i s ,  one would 

A c a l c u l a t i o n  revealed t h a t  t he  depth of p e n e t r a t i o n  
corresponding t o  95% of t h e  d i f f r a c t e d  i n t e n s i t y  w a s  many 
o rde r s  of magnitude - .  g r e a t e r  ( 0 . 0 1 " ~  than t h e  expected s i z e  
of a c r y s t a l .  mis eiiuliiiztes t h ~  p c s s i b i l i t g  nf t h e  p a r t i a l l y  
discharged s u r f a c e  of a c r y s t a l  of s c t i v ?  a t e r i a l  sccountic,o 
f c i  C-ie s i r i i a r i t y  o f  p a t t s r z s  ~ 5 ~ z k 2 5  iim. 7'5: charged anz 
completely discharged e l e c t r o d e s .  

The th i ckness  of  the s i n t e r e d  p l a t e  i s  0.035". The g r i d  
mater ia l  i s  0.01" t h i ck ,  leaving t h e  s i n t e r e d  n i c k e l  and 
a c t i v e  material with a t h i ckness  of .013" f o r  each s i d e .  
For a mixture  of  n i c k e l  and of a c t i v e  material, t h e  depth of  
p e n e t r a t i o n  which y i e l d s  95% d i f f r a c t i o n ,  corresponds t o  
s l i g h t l y  less than 0.01'' bu t  c e r t a i n l y  more than .003". 
w e  are dea l ing  with a porous material, t h e  p e n e t r a t i o n  prob- 
ab ly  exceeds .01". 
e x i s t i n g  w i t h i n  t h e  depth of t h e  s i n t e r e d  p l a t e  as a cause of  
t h e  p a t t e r n s  is t hus  negated. 

Since 

The remote p o s s i b i l i t y  of discharged m a t e r i a l  

-15- 
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I .  

I 

Fu r the r  s tudy i s  being made by examining ind iv idua l  peaks 
a t  low scanning speeds t o  ob ta in  t h e i r  r e l a t i o n  t o  s t a t e  
of charge. The data thus  f a r  obtained i n d i c a t e s  l i t t l e  
s t r u c t u r a l  change u n t i l  some p o i n t  between 75% charged and 
f u l l y  charged. The e f f e c t  of r a t e  between t h e s e  two 
s t a t e s  would be of g r e a t  i n t e r e s t .  

b. Chemical Determination of Act ive Nickel i n  S in t e red  P l a t e  

The r e s u l t s  i nd ica t e  t h a t  a mixture  of NH OAC and NH OH 4 4 i s  supe r io r  i n  t h a t  i t s  r e a c t i v i t y  wi th  t h e  n i c k e l  s i n t e r  i s  
n e g l i g i b l e .  

2 .  S t a b i l i z a t i o n  

a. Formation 

The c a p a c i t i e s  obtained dur ing  formation of t h e  10 c e l l s  
cycled a t  35 m a  and 10°C were h igher  than t h e  groups cycled 
a t  t h e  o the r  temperatures and r a t e s .  

b. Addi t ives  
I 

The r e s u l t s  of stand t e s t s  i n d i c a t e  t h a t  p o s i t i v e s  impreg- 
na ted  with n i c k e l  n i t r a t e  conta in ing  coba l t  are considerably 
supe r io r  t o  undoped p o s i t i v e s ,  wi th  r e spec t  t o  r e t a i n i n g  
capac i ty  a t  e l eva ted  temperatures.  Cycling t e s t s  have a l s o  
ind ica t ed  t h e  u t i l i z a t i o n ,  vo l t age  l e v e l  and r e p r o d u c i b i l i t y  
of capac i ty  of such p l a t e s  t o  be s a t i s f a c t o r y  ( see  Tables  V 
and VI). Fur ther  t e s t s  wi th  r e spec t  t o  charge r e t e n t i o n  a t  
e l eva ted  temperatures are now being conducted. 

-16- 



IV e CONCLUSIONS 

1. There i s  no s t r u c t u r a l  change i n  t h e  a c t i v e  m a t e r i a l  of 
t h e  s i n t e r e d  n i cke l  oxide e l e c t r o d e  u n t i l  t h e  p l a t e  i s  
a t  l e a s t  75% charged. 

2 .  Cobalt doped p o s i t i v e s  are supe r io r  w i t h  r e s p e c t  t o  
undoped p o s i t i v e s  at e leva ted  temperatures.  

-17- 



V. FUTURE WORK 

1. Evaluat ion of formation as an e f f e c t i v e  means of producing 
improved p o s i t i v e  e l ec t rodes  w i l l  cont inue.  

2. Addi t ives  i n  a 20% bas i s  w i l l  be evaluated.  

3.  Cobal t ,  which shows promise, w i l l  be inves t iga t ed  f u r t h e r  
wi th  regard  t o  charge r e t e n t i o n .  

4. High va lence  n i c k e l  oxide compounds w i l l  be prepared by 
chemical ox ida t ion .  

b 

5. A low scan r a t e  of the goniometer,  combined wi th  low c h a r t  
speed w i l l  be used t o  o b t a i n  X-ray d i f f r a c t i o n  p a t t e r n s  
a t  va r ious  states of charge. 

6. Chemical a n a l y s i s  of  t he  oxides  w i l l  be continued. 

-18- 
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TABLE I 

* 
* 

* 
* 
* 
* 
* 
* 

* 

* 

* 
* 
Ji 

:ELL NO. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

3.1 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

CAPACITIES OF SINTERED PLATES DISCHARGED AT 
400 ma to 1.0 V and 0.0 V 

CYCLE 
1.0 Volt 

-92 AH 

.91 

.94 

.88 

.95 

.94 

.96 

1.01 

1.01 

094 

e 98 

.94 

. 92 
"90 

1.01 

1.04 

.93 

1.05 

1.01 

.?4 

1.02 

1.02 

1 
0.0 Volt 

093 AH . 

.92 

095 

.91 

.95 

095 

097 

1.02 

1.02 

.96 

. 98 

.94 

.92 

.90 

1.02 

1.05 

.94 

1.06 

1.01 

1.03 

1.05 

1.05 

CYCI 
1.0 Volt 

097 AH 

.97 

1.01 

093 

1.08 

1.07 

.98 

1.03 

1.05 

.98 

1.03 

1.04 

.97 

1.04 

.39 

.98 

1.01 

091 

1.05 

.99 

.94 

1.00 

2 
0.0 Volt 

1.02 AH 

099 

1.05 

1.03 

1.15 

1.07 

.99 

1.07 

1.05 

1.01 

1.05 

1.05 

. 99 
1.05 

-I nn 
I . V U  

.98 

1.03 

.95 

1.06 

.99 

.95 

1.03 

CYCL: 
1.0 Volt 

1.91 ;AH 

.89 

0 94 

-88 

1.02 

.92 

.93 

.98 

.98 

.92 

.95 

.98 

.91 

.97 

sn 

.93 

097 

.84 

1.01 

094 

.89 

.96 

.- - 

3 
0.0 Volt 

.94 AH 

.91 

.97 

.95 

1.06 

.93 

.95 

1.00 

.99 

.94 

.96 

.99 

.91 

.97 

-91 

.94 

1 .oo 

.85 

1.01 

.95 

.93 

1.00 



* 
* 
* 
* 
Jc 

* 

* 

CELL NO, 

23 

24 

2 5  

26 

27 

28 

29 

30 

CYCLE 
1.0 Volt 

.99 AH 

1.03 

1.05 

1.05 

1.02 

1.03 

1.05 

1.01 

TABLE I - C o n t i n u e d  

0.0 Volt 

1.00 AH 

1.04 

1.06 

1.06 

1.03 

1.03 

1.06 

1.01 

CYCLE 
1.0 Volt 

.96 AH 

1.01 

1.01 

1.01 

.99 

1.01 

1.01 

.98 

0.0 Volt 

.96 AH 

1.02 

1.02 

1.01 

.99 

1.01 

1.03 

.99 

CY CLI 
1.0 Volt 

.93 AH 

.96 

.98 

' ,95 

.95 

" 9 7  

.99 

.94 

3 
0.0 Volt 

.94 AH 

.98 

.99 

.98 

.96 

.98 

1 .oo 

.95 
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i 
I i 

1 

I 

! 

t 

I 

CYCLE 1 

TABLE I11 

CAPACITY TO 0.0 
CYCLE 2 

FORMATION DISCHARGE CAPACITIES AT VARIOUS 
TEMPERATURES & RATES 

DISCHARGE RATE 

100 ma 

100 ma 

100 ma 

100 ma 

100 ma 

100 ma 

100 ma 

100 ma 

100 ma 

100 ma 

100 ma 

100 ma 

100 ma 

100 ma 

100 ma 

100 ma 

100 ma 

100 ma 

100 ma 

100 ma 

TEMPERATURE 

25OC 

25OC 

25OC 

2 5OC 

25OC ' 

25OC 

2 5OC 

25OC 

25OC 

25OC 

8OoC 

8OoC 

8OoC 

8OoC 

8OoC 

8OoC 

8OoC 

8OoC 

8OoC 

8OoC 

.94 AH 

.95 

.91 

.95 

095 

.91 

.96 

.94 

.94 

.91 

.70 

.67 

.75 

.68 

.72 ' 

.76 

0 77 

.79 

0 75 

.59 

.98 AH 

e 99 

.96 

.99 

.99 

.96 

1.00 

.99 

.98 

.98 

.70 

.68 

.77 

.67 

.72 

077 

.77 

.77 

.77 

.60 

CYCLE 3 

.97 AH 

.99 

.94 

.98 

.98 

.94 

.99 

.98 

.97 

.94 

.72 

.70 

.75 

.69 

.73 

. f 0  

.79 

.79 

.76 

.61 



TABLE I11 (Continued) 

DISCHARGE RATE 

35 ma 

35 ma 

35 ma 

35 ma 

35 ma 

35 ma 

35 ma 

35 ma 

35 ma 

35 ma 

TEMPERATURE 

10°C 

10°C 

10°C 

lG°C 

10°C 

10°C 

10°C 

10°C 

10°C 

10°C 

CAPACITY TO 0.0 
CYCLE 2 CYCLE 1 

1.02 

1.02 

1.02 

1.02 

1.02 

1.02 

1.02 

1.02 

1.02 

1.02 

1.09 

1.06 

1.06 

1.06 

1.09 

1.12 

1.10 

1.16 

1.18 

. 93 

CYCLE 3 

1.05 

1.05 

1.11 

1.00 

1.05 

1.05 

1.05 

1.11 

1.12 

.96 



TABLE I V  

WEIGHT GAIN & DISCHARGE CAPACITY OF PLATES 
CONTAINING COBALT 

PLATE NO. 

Cb-1 

Cb-2 

Cb-3 

Cb-4 

Cb-5 

Cb-6 

Cb- 7 

Cb-8 

Cb-9 

Cb-10 

WEIGHT GAIN 

3.13 grams 

3.09 

2.95 

2.90 

2.96 

3.17 

3.15 

2 -88 

2.95 

3.13 

CAPACITY ON THIR 
1.0 v 
0.91 

0.90 

0.87 

0.85 

0.86 

0.92 

0.92 

0.83 

0.87 

0.92 

FOFQIATION CYCLE 
0 - 0  v 

0.92 

0.90 

0.87 

0.85 

0.86 

0.93 

0.93 

0.84 

0.87 

0.93 



PLATE 
NO. 

:ont r 01 - 1 
:on t rol-2 

:ont r o 1 - 3 

:b-5 

:b-10 

:b-2 

:b-1 

;b-4 

:b-3 

TABLE V 

S E L F  DISCHARGE ON STAND AT ROOM & ELEVATED T W .  

COBALT CONTAINING P O S I T I V E S  V s .  CONTROLS 

I N I T I A L  C 
1.0 v 
.85 AH 

.84 

.86 

.85 

.91 

.88 

.89 

.83 

.84 

?ACI!IY 
0.0 v 
.87 AH 

.86 

.88 

.88 

.91 

.89 

.90 

.86 

-86 

2 DAY 
1.0 v 

.81 

.80 

.77 

rm 
D.0 V 

.81 

.81 

.77 

Discharged @ 500 ma 

7 DAY 
1.0 v 
.77AH 

71 

.42 

.83 

.77 

.71 

ITAND 
0.0 v 
.78AH 

.74 

.59 

.88 

.81' 

.75 

TEMP. 

RT 

4OoC 

65OC 

R T  

RT 

40°C 

40°C 

65OC 

65OC 



TABLE V I  

PLATE 

Cb-9 

Cb-7 

Cb-6 

Cb-8 

CYCl 
1.0 v 

.85AH 

.89 

.88 

.82 

CAPACITY ON DISCHARGE - CYCLING DATA 
COBALT CONTAINING PLATES 

1 
0.0 v 
.8 8fi-l i -- 

.91 

.91 

084 

CY c 
1.0 v 
.87AH 

.92 

.91 

.85 

E 2  
0.0 v 
.89AH 

.95 

093 

.87 

CYC 
1.0 v 
. 9 m  

.97 

.95 

.91 

E 3  
0.0 v 
.94AH 

.99 

.99 

094 

CY c 
1 .0  v 
. 9 m  

-96 

.94 

091 

5 4  
0 .ov 
.94AH 

.98 

.97 

.92 

c 

Discharged (2 200 ma 


